Introduction
Photovoltaics (PV) provides already more than 1% of the global electricity production, with 7-8% in some countries and with a worldwide increasing trend [1] . Cost-competitiveness is the most important criterion to ensure further extensive PV deployment. This translates to the need of low-cost, large-scale and high throughput PV technology, ideally based on earth-abundant and non-toxic material. Kesterite materials, Cu 2 ZnSn( − S Se x x 1 ) 4 (CZTSSe), has been seen as promising semiconductor for PV [2] [3] [4] , taking advantage of the large abundance of its metallic constituents, of its direct band-gap [5] , adjustable in the 1-1.5 eV range by sulfo-selenide alloying [6] [7] [8] leading to intense solar light absorption [9] , of favourable transport and doping behaviour [10, 11] and of the possibility to grow this semiconductor with large grain at moderate temperature [12] . These properties allowed to achieve solar cells with power conversion efficiencies close to 13% [13] . However, in comparison to other thin-film PV technologies i.e. CIGS (best efficiencies 22.6% [14] ) and CdTe (22.1% [15] ), kesterite-based PV still shows lower conversion efficiencies limited by both open-circuit voltage (V oc ) and fill factor [4, 16, 17] . Thus, it is essential to understand: what is the main source of recombination to further improve the efficiency of kesterite solar cells. Several mechanisms might be responsible for the increased recombination of kesterite-based devices: those related to the hetero-junction partner and buffer [18, 19] , to non-ohmic contacts [20, 21] , grain-boundaries [22, 23] or secondary phases [24] . However, the most fundamental loss mechanisms are related to the intrinsic properties of kesterite bulk: due to native deep defects acting as recombination centres [25] or the presence of bandtails [26] , limiting the useful energy of photo-generated carriers and their transport. It has been argued that tail states reduce the open circuit voltage only slightly. However, this is only true in the case where radiative recombination is the dominating recombination path [27] , whereas tail states also contribute to Shockley-Read-Hall recombination [28] , thereby further reducing the room temperature V oc [29] .
Tail states are caused by two known fundamental mechanisms [4, 30] : either a high concentration of defects combined with a high degree of compensation, which cause the electrostatic potential to fluctuate; or crystalline or compositional inhomogeneities which cause the band-edges and consequently the band-gap to fluctuate.
A potential cause for band-gap fluctuations and electrostatic potential fluctuations in kesterite is the occurrence of Cu-Zn disorder [31, 32] . The kesterite material undergoes a Cu-Zn order-disorder transition which is a second order transition. As depicted in Fig. 1 , under thermal excitation, Cu and Zn atoms, located in the planes at = z depends on the Cu-Zn order state [36, 39] and may induce band-gap fluctuations. On the other hand, it is theoretically predicted that Cu 3 SnS and CuZn 2 SnS S-centred tetrahedral motifs, resulting from Cu-Zn disorder, can cluster in charged nanodomains leading to band-tails induced by fluctuating electrostatic potential [33] . Also clusters of + Zn Cu antisites have been observed by scanning transmission electron microscopy [40] .
Although the effects of the Cu-Zn disorder on the crystalline structure, band-gap energy and vibrational properties are well documented, its real impact on the band-tail is still not clarified. The question therefore arises: is the Cu-Zn disorder the main responsible for the large kesterite band tailing? That question has serious implications for the interest in kesterite for PV. Because of the low critical temperature of the Cu-Zn order-disorder transition, kesterite materials always show a significant Cu-Zn disorder [41] . Consequently, it would be an intrinsic limitation of the material if the band tails would mainly result from the Cu-Zn disorder.
In the present work, we investigate the origin of the band tailing in kesterite. First, we determine the nature of the fluctuation that are responsible for the large band tailing in kesterite, which is yet not clarified [43] , by investigating the photoluminescence (PL) versus temperature and excitation intensity of high quality CZTSSe (leading to solar cell efficiency above 9%). The behaviour of the spectral broadening with excitation intensity at low temperature (6 K) points out band-gap fluctuations, as opposed to electrostatic potential fluctuations, as the most important cause of the band tailing in kesterite. Therefore, we measure the absorption coefficient (α) spectrum of CZTSSe and CZTSe by spectrophotometry (SP) and PL to be able to measure band tail induced absorption with a high dynamic range. Identical kesterite samples were thermally treated either to induce CuZn disorder or to reduce the Cu-Zn disorder. The comparison of absorption spectra did not reveal any differences in terms of band tailing for Cu-Zn disordered kesterite and partially Cu-Zn ordered kesterite despite the effort in reaching high degree of Cu-Zn order. Both investigations tend to confirm that the large kesterite band tails do not result directly from band-gap variation due to the Cu-Zn disorder.
Experimental details

Sample preparation and post-treatment
CZTSe samples were deposited on Mo-coated soda lime glass substrates heated at 470°C by co-evaporation of Cu, Zn, Sn, SnSe and Se in a molecular beam epitaxy system. The co-evaporation process was divided in two main steps: first all elements were supplied to form the kesterite, then only Sn, SnSe and Se were supplied to improve crystal quality and prevent Sn-and Se-loss. The samples were terminated with a Zn-rich surface. Se was supplied during final cool-down down to 200°C. This co-evaporation process is detailed in Ref. [44] . The film composition determined by energy-dispersive X-ray spectroscopy was Cu-poor and Zn-rich (CZTSe#1: Cu/(Zn+Sn) = 0.82, Zn/Sn = 1.10 and CZTSe#2: Cu/(Zn+Sn) = 0.87, Zn/Sn = 1.15).
CZTSSe samples were fabricated as follows. CZTS layers were deposited on Mo glass substrates by non-pyrolytic spraying inside a N 2 -filled glove box, using an additive-free water-ethanol (90-10 vol%) based ink of a Cu-Zn-Sn sulphide (no Se) colloid of ∼ 10 nm size primary particles, as described in Ref. [45] . The as-sprayed films were submitted to a two-step annealing process: a first annealing step in inert (N 2 ) atmosphere, allowing to grow the precursor particles from nanometer up to micrometer size, and a second annealing step in Se vapor containing atmosphere allowing both the incorporation of Se (replacing the S) and the curing of the secondary phases present after the first annealing step, as described in Ref. [46] . The Se content of the films was around 60-70% atomic of the total amount (S+Se). The Cu/Zn/Sn ratio in the metal precursors was off-stoichiometric: 1.7/1.1/1 for the CZTSSe#1 and CZTSSe#3 series, 1.9/1.2/1 for the CZTSSe#2 series.
For CZTSe#1 samples, the optional post-synthesis treatments were carried out in a tube furnace filled with N 2 at atmospheric pressure. For CZTSSe samples and CZTSe#2 samples, the optional post-synthesis treatments were performed on a hot plate inside a N 2 -filled glove box. The thermal quenching was carried out either by transferring the sample to a cold part of the tube furnace and actively cooling under N 2 flux at room temperature or by transferring the samples from the hot plate to a room temperature holder
Material characterisation
To perform normal incidence transmittance (T ) and 8°incidence reflectance (R ) measurements, kesterite thin films were mechanically transferred on glass or quartz substrate using transparent epoxy. The transmittance and reflectance were measured with an UV-vis-NIR dual beam spectrophotometer equipped with a 150 mm integrating sphere. T and R were analysed in the framework of the transfer matrix method to extract the complex refractive index ( + n ik). Temperature and intensity dependent PL measurement were conducted on a standard CZTSSe#1 sample (neither ordering treatment or disordering treatment) covered with CdS. The sample was placed in a continuous flow cryostat cooled with helium in which the temperature was controlled by a heating stage. A 660 nm diode laser was used for sample excitation. The laser light went through a narrow band-pass filter and a short-pass filter to remove laser harmonics. The excitation was varied by adjusting the laser power (1-100 mW) and using optional calibrated grey filters (OD1-OD4). The laser light was focused on the sample in a 0.1 mm radius spot using a lens. The PL signal was collected by parabolic mirrors. The collected light went through an 850 nm longpass filter to remove laser reflection and the intensity of the PL signal was optionally attenuated using an OD2 calibrated grey filter. The PL signal was measured by a monochromator coupled with an InGaAs camera. The spectral response of the system was corrected using a calibrated reference lamp. Some measurement artefacts might be seen in the PL spectra due to water absorption around 0.9 eV.
The absorption coefficient measurements by PL, were done on samples prepared similarly as for spectrophotometry measurements (except for the CZTSe#1 series where the PL was measured on thin films deposited Mo-coated glass and covered with CdS). The PL system is the same as described previously except that the laser light was not focused using a lens to obtain a laser spot larger than the PL signal collection area such that the illumination can be considered homogeneous within the sample part from which the PL signal is recorded. In 
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addition, the laser photon flux was measured at the sample position using a powermetre. Besides the spectral correction, an intensity correction factor was determined from the laser reflection on a Spectralon standard in order to obtain the absolute PL yield. The absorption coefficient was obtained from the absolute PL spectra [47] . For a thin film on a substrate, the equation given in Ref. [47] has to be modified to account for different light behaviour at the front and at the back which was included by using the transfer matrix method in the same framework used for spectrophotometry evaluation as described in Supplementary material.
Results
Potential fluctuation in kesterites
We use temperature and excitation intensity dependent PL measurements to evaluate the origin of the band-tails in CZTSSe. For all temperatures and excitation intensities investigated here, the PL signal consists of broad asymmetric peak 1 as seen in Fig. 2a and b with a stretched low-energy side which reflects the joint density of states [48] .
The steeper high-energy slope depends on the carrier distribution and thus, in the case of distorted bands, on how the photogenerated carriers can move between neighbouring energy extrema. The peak maximum position and peak maximum intensity are reported in Fig. 2c and d. At 150 K and at lower temperatures, the cooling capability of the cryostat was overcome by laser induced heating for the three highest excitation intensities. The increase in temperature is seen in a change of the high energy slope of the PL spectra ( Fig. 2a ) and induced the downward bending of the low-temperature curves seen in Fig. 2c and d for the three highest excitations. At low temperature, the PL peak maximum strongly blue-shifts when the laser intensity is increased (15 meV per decade of excitation at 6 K and 50 K) and red-shifts when the temperature is increased. This behaviour is typically encountered in strongly compensated semiconductors [49] and is generally attributed to quasi-donor acceptor pair (QDAP) [49] [50] [51] [52] or potential fluctuation [53] [54] [55] [56] . Both modelles describe the behaviour of PL emissions under the influence of electrostatic potential fluctuations caused by a high density of compensated defects. Alternatively, band-gap energy fluctuation can also explain such PL behaviour [57, 16] . Which of the two mechanisms prevail, is still not clear for kesterite [43] .
The blue-shift seen under increased excitation at low temperature can be explained as follow, depending on the origin of the band fluctuation. For electrostatic fluctuations, photogenerated carriers will screen the fluctuating potential and thus reduce the width of the energy level distribution and flatten the distortion. The energy of the occupied state is shifted towards the centre of the fluctuation distribution, leading to a blue-shit. For both electrostatic and/or for band-gap fluctuations, photogenerated carriers fill local minimum energy states. The extra carriers, generated by an increase in excitation will populate empty states which have higher energy than the already filled states leading to a blue-shift of the PL. At low temperature, the red-shift with increasing temperature is related to an increase in carrier mobility. With increasing temperature, the photogenerated carriers can overcome the potential barriers and are redistributed to lower energy states inducing a red-shift of the PL. Alternatively more mobile photogenerated carriers can reach non-radiative recombination centres. Because of the high recombination rate of these centres, the life-time decreases with increased temperature [16] , which decreases the photogenerated carrier density. In that case increasing the temperature has a similar effect as to reduce the power excitation, which also leads to a red-shift of the PL.
The mechanisms responsible for the PL emission were identified by looking at the relationship between excitation ϕ l and PL signal I pl : = I ϕ pl l k [58, 59] (see Supplementary materials). For 6 K and 50 K the kexponent varies from 1 to 0.5 with excitation and PL emission is attributed to a tail-to-impurity transition (TI) (see Supplementary materials). Looking at Fig. 2b , the TI dominates at low temperature whereas for 200 K and above a new band appear at 1-1.05 eV when temperature is rising. From the energy difference between the band gap and the PL peak position and from the k-exponent of 1.3, we assign this emission occurring at higher energy to a band-tail-to-band-tail recombination (TT). The electronic structure is in accordance with the picture drawn from PL and admittance spectroscopy [60] . The transition from TI to TT as main contribution to the PL with increased temperature leads to a blue-shift of the peak position seen in Fig. 2b for > T 200 K. At fixed intermediate temperature where TT and TI both significantly affect the peak maximum position, increasing the excitation will increase the relative contribution of TT, which leads to stronger blue-shift than the one observed at low temperature but is not related to stronger fluctuations.
In order to shed some light on the nature of fluctuations, we analysed the low-energy side of the PL as it reflects the density of states affected by the depth of the fluctuations. The low-energy side of the PL peak was fitted by means of a Gaussian function [61] and its standard deviation is reported in Fig. 2e . Here we identify directly the fitted standard deviation to the root mean square depth of the band-edges potential fluctuation γ, although the former accounts only for the states involved in the radiative processes and therefore its value is not strictly equal to γ.
In the case of highly compensated semiconductors, the root mean square depth of the electrostatic fluctuation γ el can be approximated by [62, 63] (1) where e is the elementary charge, ε ε r 0 is the static permittivity of the semiconductor, N I is the total charged impurity concentration (i.e. ionised donors + ionised acceptors) and p is the concentration of mobile carriers. Under illumination, N I is nearly constant at low temperature for highly compensated semiconductor and the carrier concentration can be rewritten as = ′ + + p p p n Δ Δ , with ′ p being the carrier density due to net doping. p Δ and n Δ being the photogenerated carrier densities for which we assume = p n Δ Δ . The PL intensity I pl is proportional to the product of the carrier densities:
, neglecting the density of thermally excited electron, b being a proportionality constant.
It is important to stress that γ el given in Eq.
(1) as defined in Ref. 
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absence of screening from photo-generated carriers and
is the PL intensity for which the screening from photo-generated carriers starts to be dominant. In Fig. 2e , for low temperatures, the decrease in measured γ seen in the 10 18 -10 19 arbitrary unit range of PL intensity is attributed to the screening of the Coulombic potential of charged defects. Since the drop in γ is limited from 76 meV to 64 meV, the electrostatic fluctuations are not the main source of potential distortion in CZTSSe. The magenta line illustrates the calculated behaviour expected from Eq. (2) meV, the relative contribution to γ being about 70% for the band-gap fluctuation and 30% for the electrostatic potential fluctuation, taking into account that their contributions do not add up linearly. This simple model gives a consistent, albeit qualitative, description of the data because we assumed the contribution of the band-gap variations to the PL broadening to be independent of the photogenerated carrier density. In reality, when the carrier densities increase, carriers will populate higher energy states belonging to more diverse defect configurations than the minimum energy state achievable only by a few defect configurations, which broadens the PL peak and thus increase the measured value of γ.
The laser excitation, at which the drop occurs, increases with the temperature because thermally excited carriers quickly recombine nonradiatively reducing the PL intensity. Above 150 K the transition is outside the investigated range of excitation. With temperature, γ first decreases, which is attributed to more mobile carrier being redistributed from local energy minima to deeper minima before recombination, reducing the energy range of the states involved in the PL emission. Then when thermal energy becomes important, carriers can reach higher energy states, which broadens the PL as discussed for increased excitation. Furthermore, above 150 K the contribution of both TI and TT recombination processes broadens the PL peak, leading to an increase in optically measured γ beyond the intrinsic fluctuation depth.
From the low temperature measurements we can conclude that the fluctuations are dominated by band-gap fluctuations. The question now arises about what causes these band-gap fluctuations. Since these measurements were performed on CZTSSe films, band gap fluctuations related to S-Se distribution inhomogeneities cannot be excluded; also, it appears likely that Cu-Zn disorder may still contribute to the band-gap fluctuations.
Sub-band-gap absorption of kesterite with different degree of Cu-Zn order
To clarify the sources of the band-gap fluctuations and its potential link with the Cu-Zn disorder, we perform quantitative measurements of the density of states in the tails via the absorption coefficient on the same CZTSSe samples and on CZTSe samples, where S-Se distribution is To reliably quantify the density of states over a large range and to resolve the deep band-tails, we combine PL and SP measurement of the absorption coefficient. SP has a good accuracy for high α values, but saturates below = − α 10 m 5 1 as seen in Fig. 3a due to light trapping in the thin-films. PL is very accurate in the low absorption range [47, 64] and interestingly, the substrate absorption is not a limiting factor when the absorption coefficient is determined by PL. However, PL has a limited accuracy for measurement in the high absorption range since PL is emitted only from near band edge states and in the range of high absorption most of the PL signal is re-absorbed by the material itself leading to a weak PL signal.
In order to quantify the density of Cu-Zn disorder induced by [
Zn Cu ] anti-site defect clusters in the Cu-Zn planes, it is useful to introduce the long range order parameter S associated with the Cu-Zn order [65] , which takes the value 1 for a perfectly ordered structure and drops to 0 for a fully Cu-Zn disordered structure. The later situation is encountered when the temperature is above T c and corresponds to a random occupation of the lattice sites in the Cu-Zn planes.
Due to the isoelectronic nature of + Cu and + Zn 2 ions, S cannot be derived easily from standard XRD. Instead, neutron diffraction [31, 66] , nuclear magnetic resonance [32] and resonant XRD [67, 68] are suitable technique for S measurement on powder samples. Raman scattering is sensitive to the change in crystal symmetry induced by the Cu-Zn disorder [36, 38] , whereas spectrophotometry is able to probe the bandgap energy modification resulting from the large concentration of [ + − +
Cu Zn
Zn Cu ] anti-site defect clusters [36] and both techniques have been used to derive order parameters on thin films. Recently, a direct link between band-gap energy and Cu-Zn disorder was demonstrated [69] . Here we use the band-gap energy as an order parameter. The lowest band-gap energy is observed for the fully Cu-Zn disordered kesterite and the band-gap energy increases linearly with the order parameter [36, 69] .
When a kesterite material is brought to a fixed temperature, S will evolve towards the equilibrium curve plotted in Fig. 1 , the kinetics at which the equilibrium is reached strongly depending on the temperature (see Supplementary materials of Ref. [44] ). Due to the second order nature of the Cu-Zn order-disorder transition and due to the low critical temperature, it is not practically possible to reach perfect order and 0.7-0.8 is the practical limit for S, as decades would be required for further increase in S [41] . For a given chemical composition, the degree of Cu-Zn order of the kesterite structure depends solely of the thermal history of the crystal. Here we change this parameter either by postdeposition annealing in nitrogen atmosphere followed by thermal quenching or by changing the rate of the cooling from the annealing step temperature to room temperature during the final step of the sample preparation.
The absorption spectra of CZTSSe layers are plotted in Fig. 3a , where the effects of Cu-Zn order-disorder on the optical property of the kesterite are depicted. Standard CZTSSe (Std) underwent a final cooldown in 20 min from 550°C to 180°C and in 20 min from 180°C to 80°C and then a natural cool-down to room temperature; this fast cooldown in the low temperature range (below the critical temperature of the Cu-Zn disorder) will establish a low degree of Cu-Zn order. The disordered CZTSSe (D) was synthesised using the standard cooling subsequently followed by an annealing at 300°C, above the critical temperature, to induce complete Cu-Zn disorder. Then the sample was thermally quenched to keep the kesterite in a fully Cu-Zn disordered state. As expected from previous studies [36] , the band-gap narrowing, clearly seen in Fig. 3a by a red-shift of the absorption spectrum, indicates a reduction of the Cu-Zn order parameter for the quenched sample. For the slow cooled CZTSSe (O), two extra cooling steps were added before the natural cooling to room temperature which consisted of 1 h at 180°C followed by a controlled ramp from 180°C to 80°C in 10 h. The long time spent below the critical temperature allows to increase the Cu-Zn order parameter and induces a band-gap widening that can be seen in Fig. 3a by the blue-shift of the absorption spectrum of the slow-cooled sample. The band-gap energy E g values of those samples are reported in Table 1 under sample names CZTSSe#1.
The absorption spectra exhibit an exponential rise in the low absorption range corresponding to an Urbach tail behaviour [70] . The Urbach energy E u describes the extension of tail states below the bandgap energy and was determined from the absorption spectra by fitting Table 1 , together with the data for CZTSSe#2 samples, which were prepared with slightly less Sn than CZTSSe#1.
A similar approach was conducted on pure selenide kesterite CZTSe (CZTSe#1). The resulting spectra are plotted in Supplementary Fig.  S2b . The thin films originating from the same co-evaporation process corresponding to the as-grown sample (Std) underwent two types of annealing [44] . Ordering treatment (O) consists of an annealing at 100°C for 3 days to promote an increase of the Cu-Zn order parameter, resulting in partial Cu-Zn ordering with a parameter of ≃ S 0.75 (see below). Disordering treatment (D) consists of an annealing at 250°C for 1 h, above the CZTSe critical temperature, followed by a quenching resulting in a completely Cu-Zn disordered kesterite. The changes in band-gap energy induced by the post-synthesis annealing are reported in Table 1 . Besides the expected trend in band-gap energy (that reflects the order parameter) for D and O treatment, one can see that combination of those treatments (D+O and O+D) leads to the same band-gap energy (O and D respectively) because the Cu-Zn order-disorder transition is fully reversible. The Urbach energy reported in Table 1 
Zn Cu ] defect clusters, while the order parameter of the Cu-Zn planes also depends of the stoichiometry [71] . Under this assumption, the value of S reached under equilibrium depends only on the ratio of the temperature of the material and its critical temperature T c as depicted in Fig. 1 . Thus S can be easily quantified when the critical temperature is known and when the material is equilibrated at a given temperature, which is the case after the long annealing, according to the ordering kinetics parameters reported on Ref. [36] . The long range Cu-Zn order parameter was calculated to be = S 0.73 and = S 0.77 for CZTSe and CZTSSe (assuming that T c follows the S/Se ratio linearly) respectively.
In order to give a complete picture of the densities of state, the shallow tails were also quantified. In Fig. 3b we compare the absorption spectrum to a model which combines the square root behaviour of the extended band states with an Urbach tail. One most noticeable feature of the kesterite absorption spectra is that they cannot be modelled properly by the simple combination of an Urbach behaviour below the band-energy and a square root behaviour above the band-gap energy determined from Tauc's plot for a direct semiconductor. As depicted in Fig. 3b , such approach would lead to an erroneous description of the low absorption part and the near band-gap energy region, the measured spectrum being red-shifted by 80-100 meV with respect to the modelled spectrum. Instead, a better description of the spectrum can be given by considering a Gaussian distribution of band-gap energies being centred at E g and characterised by a standard deviation σ [27] . The absorption coefficient is derived from the absorption spectrum obtained for a unique band-gap α hν E ( , )
Here we consider a square root behaviour for > hν aE g and an Urbach behaviour for < hν aE g with aE g the energy where the two regimes merge:
with A being the amplitude, H the Heaviside function. The Gaussian distribution of band-gap energies arises from spatially fluctuating bandgaps as determined from the temperature dependent PL measurements. The standard deviation σ of the distribution is reported in Table 1 and fits performed with Eqs. (3) and (4) are plotted in Fig. S2d . It reflects the average energy depth of the fluctuation and is in good agreement with the values of γ obtained from cold PL measurements. σ is mostly influenced by the absorption due to shallow tails, while E u is mostly influenced from the absorption related to deep tails. Although the Gaussian distribution of band-gap energies can fit satisfactory the low and high absorption range of the spectrum, an additional contribution to α is visible in Fig. 3b around 100 meV below the band-gap energy, that could be attributed to a defect related absorption. The defect signature is quite broad since the specific energy distribution of the defect is convoluted with the distribution of band edge energies. 
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The presence of the band distortions and defects considerably rise the absorption coefficient below the band-gap energy and thus are responsible for the strong red-shift of the room temperature PL with respect to the band-gap energy reported in record solar cells, which limits the open-circuit voltage of the devices [16, 72] .
Discussion
The PL responses after change in excitation or temperature (Fig. 2a-d) are characteristic of semiconductors with energy levels that strongly fluctuate at microscale. The analysis of the low energy side of the PL peak (Fig. 2e) , shows that the fluctuations arise from energy level distortions caused by variations in the band-gap accounting for about 70% and from electrostatic potential fluctuations accounting for about 30%. We should emphasise that this ratio is determined at low temperature. For working conditions of a solar cell, the electrostatic potential fluctuations is predicted, by Eq. (1), to be reduced because of the additional screening from thermally activated carriers and photogenerated carriers. Since the band-gap energy around or above 1 eV is large compared to the thermal energy at room temperature and since minority carrier life time decreases with increasing temperature, the establishment of a significant photogenerated carrier density under unconcentrated solar radiation is impeded. Thus such additional screening is marginal and the electrostatic fluctuation depth measured at low temperature and low-to-medium illumination reflect the value that would be measured under solar cell operation. Reasonably assuming that the higher band-gap and the lower band-gap regions show similar thermal behaviour of the band-gap energy from 150 K to 300 K, the band-gap fluctuation depth would not be significantly affected. The rise in γ seen for ≥ T 150 K is attributed to the significant contribution of both TI and TT transitions to the PL signal leading to additional broadening. It is therefore concluded that the large band-tailing of kesterite results mainly (70%) from spatial fluctuations of the band-gap. The impact of the electrostatic potential fluctuations is lower(30%).
Comparing the Urbach energy E u or fluctuation depth σ (Table 1 ) of the as-prepared material to their intentionally Cu-Zn disordered and Cu-Zn ordered material counterparts, one can conclude that changing Cu-Zn ordering by post-synthesis annealing does neither influence the Urbach energy nor the fluctuation depth. Indeed, if the band-gap energy was shifted by up to 150 meV after thermal treatment, the Urbach energy was only changed within error by 3 meV at most, without showing any trend with the band-gap energy that shows the variation of the CuZn order parameter. The values of σ , reported in Table 1 , measured on samples with different degrees of Cu-Zn order show that they are not influenced by the degree of Cu-Zn order in the experimentally accessible range between 0% and 80%, in agreement with recent measurement by PL emission spectroscopy [73] .
Due to the second order nature of the Cu-Zn disorder transition and its low critical temperature, it is not practically possible to reach a degree of Cu-Zn order near = S 1 and one may argue that residual CuZn disorder could hinder reduction of the Urbach energy or fluctuation depth. However, the Cu-Zn order parameter S changes from 0% to ∼ 80% by the post-synthesis treatments; this corresponds to a change from one [ 
Cu Zn
Zn Cu ] antisite defect clusters depends strongly on the defects arrangement and it has been theoretically calculated that the configurations leading to the largest band-gap energy decrease are the ones with the largest formation energy [39] . Accordingly, during Cu-Zn ordering, thermodynamics would promote the annihilation of the defect configurations which induce the most severe band-gap energy deviation, thus reducing the spread of band-gap distribution, which would be reflected in the absorption spectrum even after partial Cu-Zn ordering. Another suspected detrimental effect of the Cu-Zn disorder is the formation of domains with different band-gap energy for partially ordered kesterite with low order parameter S, because of the nucleation and growth of ordered domains in the Cu-Zn disordered material. If such phenomenon would be critical for the band tailing in kesterite, ones would predict a lower distortion width or Urbach energy for the fully Cu-Zn disordered material than for the partially ordered counterparts (as-grown samples). However, the data reported in Table 1 do not show any trend of lower tailing in Cu-Zn disordered material. In addition, contrary to first order phase transition, second order phase transition like the Cu-Zn disorder do not lead to phase segregation [74, 75] . Since no change in the Urbach energy nor the band distortion width were observed in the absorption spectrum after thermally induced change of the Cu-Zn order parameter, we conclude that the Cu-Zn disorder is not the main origin of the large band tails in kesterite. This conclusion is supported by the results of the temperature and excitation dependent PL.
The electrostatic potential fluctuations originate from two sources: stoichiometric deviations leading to the formation of charged point defects which are not annihilated during Cu-Zn ordering and Cu-Zn disorder inducing [ + − +
Zn Cu ] antisite defect clusters in the form of the Cu 3 SnS and CuZn 2 SnS S-centred tetrahedral motifs segregated in nanodomains [33] . By ordering the kesterite, only part of the [ + − +
Zn Cu ] antisite defect clusters are annihilated, reducing the electrostatic potential fluctuations. Because the Cu-Zn ordering is partial and because stoichiometric deviations are unaffected by the Cu-Zn ordering, only a part of the electrostatic potential fluctuations is cured by Cu-Zn ordering. Since electrostatic potential fluctuations are only the smaller contributor to the level energy distortions (30%), reducing partly the electrostatic potential fluctuations by Cu-Zn ordering has little impact on the total level energy distortions. The fact that the CuZn disorder is not directly the main origin of the large band tails in kesterite explains why the Cu-Zn ordering state of the kesterite has no impact neither on the red-shift of the PL maximum when compared to the band-gap energy [44] , nor on the V oc deficit ( − E qV g oc ) [4, 44, 76] . In the light of those findings we discuss the possible origin of bandgap fluctuations that are responsible for the large band-tailing in kesterite. The band-gap energy of CZTSSe depends of the S/Se ratio and therefore sulfo-selenide alloy disorder could be responsible. In Ref. [4] , anionic disorder was investigated in CZTSSe samples with the same S/ Se ratio by means of XRD and STEM and its impact on band-gap energy fluctuation was evaluated to be = σ 28 meV, which is quite far from our optically measured value reported in Table 1 , especially when considering the convolution rule of Gaussian distributions. However, comparing the fluctuation width for CZTSe and CZTSSe samples in Table 1 , we find values between 50 and 60 meV for the pure selenide compounds and values between 70 and 90 meV for the sulfo-selenide films. This comparison clearly indicates that sulfo-selenide alloy disorder does play a role and increases the width of the band-gap distribution and the Urbach energies. Using the convolution rule of Gaussian distributions, = σ 28 meV reported in Ref. [4] for the anionic disorder will account for a part of the difference in σ seen between CZTSe and CZTSSe, the other part coming from the fact that most of the defects clusters lead to deeper fluctuation of the band-gap in CZTS than in CZTSe [25] . Still, the Urbach energy and the width of band-gap distribution are rather large even in the pure selenide kesterite.
Ab initio calculations [25] have shown that most of defect clusters with a strong impact on the band-gap energy involve tin but their occurrences are not probable due to their high formation energy. One exception is [ [77] . Indeed substitution of Cu by Ag has recently shown to significantly reduce the band-tailing [78] .
Conclusion
To summarise, we shown that the band-edge fluctuations in CZTSSe originate mainly from band-gap fluctuations as revealed by temperature and excitation-dependent PL. We measured the absorption spectra in the vicinity of the band-gap energy and in the tail range of CZTSe and CZTSSe with different degree of Cu-Zn order. The analysis of the spectra in the framework of spatially fluctuating bands shows that the Cu-Zn disorder is not directly responsible for the large tailing reported for kesterite. Accordingly, its modification by post-synthesis thermal treatment is not effective in reducing the band-tailing as shown here nor the V oc deficit [4, 44, 76] . However, we do not exclude the involvement of the Cu-Zn disorder-related antisites in the formation of detrimental defects responsible for the large band-tailing in kesterite. We conclude that avoiding the formation of defect clusters impacting the band-gap energy, e.g. 
